Curing potential of experimental resin composites filled with bioactive glass: A comparison between Bis-EMA and UDMA based resin systems by Par, Matej et al.








Curing potential of experimental resin composites filled with bioactive glass:
A comparison between Bis-EMA and UDMA based resin systems
Par, Matej ; Spanovic, Nika ; Mohn, Dirk ; Attin, Thomas ; Tauböck, Tobias T ; Tarle, Zrinka
Abstract: OBJECTIVES To evaluate the degree of conversion, light transmittance, and depth of cure of
two experimental light-curable bioactive glass (BG)-containing composite series based on different resin
systems. METHODS Experimental composite series based on either Bis-EMA or UDMA resin were
prepared. Each series contained 0, 5, 10, 20, and 40wt% of BG 45S5. Reinforcing fillers were added up
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Abstract 
Objectives. To evaluate the degree of conversion, light transmittance, and depth of cure of two 
experimental light-curable bioactive glass (BG)-containing composite series based on different resin 
systems. 
Methods. Experimental composite series based on either Bis-EMA or UDMA resin were prepared. 
Each series contained 0, 5, 10, 20, and 40 wt% of BG 45S5. Reinforcing fillers were added up to a 
total filler load of 70 wt%. The degree of conversion was evaluated using Raman spectroscopy, while 
light transmittance was measured using visible light spectroscopy. The depth of cure was estimated 
from the degree of conversion data and using the ISO 4049 scraping test.  
Results. Replacement of reinforcing fillers with BG can diminish the degree of conversion, light 
transmittance, and depth of cure. The effect of BG on the aforementioned properties was highly 
variable between the experimental series. While in the Bis-EMA series, the degree of conversion was 
significantly impaired by BG, all of the composites in the UDMA series attained clinically acceptable 
degree of conversion values. The reduction of the degree of conversion in the Bis-EMA series 
occurred independently of the changes in light transmittance. The UDMA series showed better light 
transmittance and consequently higher depth of cure than the Bis-EMA series. The depth of cure for 
all composites in the UDMA series was above 2 mm. 
Significance. While the Bis-EMA series demonstrated clinically acceptable curing potential only for  
0–10 wt% of BG loading, an excellent curing potential in the UDMA series was observed for a wide 
range (0–40 wt%) of BG loadings. 
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1. Introduction 
The addition of various functional fillers into resin composites has been investigated as a means to 
prevent secondary caries and increase restoration longevity [1]. Secondary caries has often been 
mentioned as the most common reason for composite restoration replacement, while about 60 % of 
all restorative procedures are related to the replacement of failed restorations, [2]. Among the various 
compounds which are being used for functionalizing experimental resin composites, bioactive glasses 
(BGs) are interesting candidates due to their potential to exert various beneficial effects when 
embedded into light-curable methacrylate resins, including remineralization of dental hard tissues [3], 
deposition of hydroxyapatite precipitates [4], inhibition of bacterial penetration through the microgap 
[5], antibacterial activity [6], and favorable biocompatibility [7]. Unlike enamel, in which an increased 
mineral content generally translates into improved mechanical properties, dentin is more challenging 
to remineralize because its mechanical properties are improved only if intrafibrillar mineralization is 
attained [8]. 
BGs encompass a heterogeneous group of substances of varying compositions, which determine 
their properties. The basic BG 45S5 composition (45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% Na2O, and 
6 wt% P2O5) is generally more reactive than compositions with lower sodium content [9]. Composites 
admixed with unsilanized BG 45S5 fillers have shown high solubility, which implies high bioactive 
potential [10]. This comes at the cost of mechanical properties [11], which tend to be better in 
composites containing more stable BG compositions [12].  
An experimental light-curable composite series with a total filler load of 70 wt% and variable amounts 
of unsilanized BG 45S5 (0–40 wt%) in a Bis-GMA/TEGDMA resin matrix has recently been 
investigated on their curing potential [13] and polymerization kinetics [14]. These studies showed that 
the replacement of reinforcing fillers with BG can diminish curing efficiency, which was manifested as 
a decrease in the degree of conversion (DC) and depth of cure (DoC) [13], as well as reduced 
polymerization rate [14]. The negative effect of BG 45S5 on resin polymerization was observed 
independently of the changes in light transmittance and was ascribed to a premature termination of 
free-radical-mediated polymerization by the oxides on the surface of unsilanized BG fillers. The BG-
induced polymerization inhibition can be partly responsible for impaired performance that was 
reported for the aforementioned experimental series, including reduced flexural strength/modulus [11] 
and dentin bond strength [15], as well as increased water sorption and solubility [10].  
Due to these drawbacks of Bis-GMA/TEGDMA resin [10,11,13–15], alternative resin systems were 
sought in order to achieve better polymerization of experimental BG-containing composites. This 
study aimed to investigate the curing potential of Bis-EMA/TEGDMA and UDMA/TEGDMA resin 
systems by evaluating the DC, light transmittance, and DoC in composite series containing 0–40 wt% 
of BG, using the same study design as that performed previously for the Bis-GMA/TEGDMA resin 
system [13]. The DC of experimental composites was evaluated in relation to the resin system, BG 
amount, layer thickness, and curing time. Light transmittance for 2-mm layers was assessed as a 
function of the resin system and BG amount. The DoC was estimated as the layer thickness at which 
the DC amounts to 80 % of the maximum attainable DC, and according to the ISO 4049 scraping test. 
The null hypotheses were that (I) the DC, (II) the light transmittance, and (III) the DoC of the 
experimental composite series would not differ between the two resin systems investigated. 
2. Materials and methods 
2.1 Resin composites 
Two experimental composite series with varying amounts of BG (0–40 wt%) were prepared based on 
Bis-EMA/TEGDMA and UDMA/TEGDMA resin systems (Table 1). The BG fillers were used without 
surface silanization, whereas the reinforcing fillers (barium glass and silica) were silanized. The filler 
compositions followed a previous study on experimental composites based on a Bis-GMA/TEGDMA 
resin system [13]. The composite series were designated according to their base monomer and 
abbreviated as “Bis-EMA series” and “UDMA series”, respectively.  
The weight ratios of base and diluent monomers were adjusted in order to incorporate 70 wt% of 
fillers, including nanometer-sized silica particles with a large surface area. Expressed in mole ratios, 
the percentage of the base monomers Bis-EMA and UDMA in the corresponding resin systems were 
44.3 and 70.9 %, respectively. These ratios were within the usual range for commercial resin 
composites [16]. 
The resinous phase, photoinitiator, and co-initiator were mixed using a magnetic stirrer for 48 h. The 
obtained mixture was subsequently mixed with reinforcing fillers and BG using a dual asymmetric 
centrifugal mixing system (Speed Mixer TM DAC 150 FVZ, Hauschild & Co. KG, Hamm, Germany) at 
2700 rpm. The mixing was performed in five one-minute intervals separated by one-minute breaks to 
avoid overheating. After mixing, the obtained materials were deaerated in vacuum for 12 h.  
As a reference material, a commercial composite with bioactive fillers (Beautifil II, shade: A2, LOT: 
051829, Shofu, Kyoto, Japan) was used. That material is based on a Bis-GMA/TEGDMA resin system 
filled with 83 wt% (69 vol%) of fluoroboraluminosilicate glass, including surface pre-reacted glass 
fillers. 
2.2 Degree of conversion 
The DC as a function of layer thickness was measured using a previously developed setup for Raman 
spectroscopy [13]. Cylindrical specimens (d = 3 mm, h = 5 mm) were prepared by inserting composite 
pastes into custom-made stainless-steel split-molds, covering both mold apertures with a 
polyethylene terephthalate (PET) strip and light-curing through the upper mold aperture. A wide 
spectrum light-emitting diode (LED) curing unit was used (Bluephase G2, Ivoclar Vivadent, Schaan, 
Liechtenstein; wavelength range 380–515 nm, radiant exitance of 1185 mW/cm2, as measured using 
integrating sphere, IS, Gigahertz-Optik GmbH, Puchheim, Germany and spectrometer HR4000, 
Ocean Optics, Dunedin, FL, USA). The curing unit tip was positioned perpendicularly above the upper 
mold aperture (0 mm from the composite surface) and the curing unit was activated for 20 and 40 s, 
resulting in total radiant exposures at the composite surface of 23.7 and 47.4 J/cm2, respectively. The 
environmental temperature during light-curing was 21 ± 1 °C. Raman spectra were collected 
immediately after light-curing from the upper specimen surface, which was denoted as the thickness 
of 0 mm. The specimens were subsequently transferred to an incubator (Cultura, Ivoclar Vivadent) for 
a dark storage during 24 h at 37 ± 1 °C and 40 % ± 15 % relative humidity. After that post-cure period, 
Raman spectra were collected from five precisely determined points on composite specimens, 
representing layer thicknesses of 0, 1, 2, 3, and 4 mm. 
Raman spectroscopy was performed using an FT-Raman spectrometer (Spectrum GX, PerkinElmer, 
Waltham, MA, USA) with an excitation NdYaG laser of 1064 nm wavelength, laser power of 800 mW, 
and spectral resolution of 4 cm−1. The excitation laser was pointed at the most prominent part of the 
cylindrical specimen surface which was positioned in the collecting lens focus with an excited 
diameter of 0.3 mm. For each spectrum, 40 scans were recorded with an overall collection time of 8 
min. The same parameters were used to collect Raman spectra of uncured composite pastes (n = 5). 
Raman spectra were processed with the Kinetics add-on for Matlab (version 7.5.0 MathWorks, Natick, 
MA, USA). 
The DC was calculated through the relative change in the peak height of the spectral band at 
1640 cm−1 (aliphatic C=C stretching), whereas the bands at 1610 cm−1 (aromatic C=C stretching) and 
1458 cm-1 (C-H stretching) were used as reference bands for Bis-EMA and UDMA series, 
respectively. For Beautifil II, the band at 1610 cm-1 was used as a reference. The DC was calculated 
according to the following equation:  
𝐷𝐶	(%) = (1 − (1640	𝑐𝑚01	/	𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)789:	;8<=;>	9?>8@	AB@<C= 	(1640	𝑐𝑚01	/	𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒	)789:	;8<=;>	D8?E@8	AB@<C=F𝑥	100 
A total of 100 specimens were prepared for all combinations of investigated factors (2 resin systems, 
5 BG amounts, 2 curing times, and 5 experimental runs for each group) and 6 measurements were 
performed on each specimen (0 mm immediately after curing, and 0–4 mm after 24 h), resulting in a 
total of 600 DC values available for the analysis using a full-factorial ANOVA model.  
For the DoC estimation, mean DC values were plotted against the composite layer thickness and the 
thickness corresponding to 80 % of the maximum attainable DC was recorded as the DoC [13]. 
2.3 Light transmittance 
Light transmittance through 2-mm composite specimens was measured in real time during light-curing 
using Bluephase G2, as described previously [17]. Because light transmittance increased as the 
polymerization advanced, light-curing was performed for 60 s in order to capture the plateau, which 
signified that transmittance changes have stabilized. Composite specimens were prepared in black 
discoid Teflon molds (d = 6 mm, h = 2 mm) and sandwiched between two PET strips. The light that 
passed through composite specimens was collected by a lens and directed into a charge-coupled 
device array fiber spectrometer HR4000 (Ocean Optics, Dunedin, FL, USA), which recorded visible 
light spectra at a data collection rate of 20 s−1. In the same manner, light spectra passing through the 
empty specimen compartment were recorded. Light transmittance (%) based on the integrated 
intensity of the whole curing unit emission spectrum (380–515 nm) was calculated as the following 
ratio: 
𝐿𝑖𝑔ℎ𝑡	𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒	(%) = 𝐿𝑖𝑔ℎ𝑡	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒	𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛)𝐿𝑖𝑔ℎ𝑡	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	(𝑒𝑚𝑝𝑡𝑦	𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛	𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡) 	𝑥	100 
Light transmittance values for each time point during real-time measurements were plotted as a 
function of time. From these plots, light transmittance values from the start and the end of the curing 
period were recorded and denoted as “initial” and “final” light transmittance, respectively. Additionally, 
a parameter denoted as “effective transmittance” was calculated by integrating the light intensity 
curves for the whole 60-s period and dividing the obtained mathematical areas for composite 
specimen by the areas obtained for the empty specimen compartment. The effective transmittance 
calculated in this manner can be regarded as a single transmittance value which is representative for 
the whole curing period because it can be multiplied by the radiant exposure received at the specimen 
surface to calculate the radiant exposure which reached the specimen bottom [17]. Five experimental 
runs per group were performed. The environmental temperature during measurements was 21 ± 1 °C. 
2.4 ISO 4049 depth of cure scraping test 
The DoC according to ISO 4049 was evaluated for composite specimens (n = 5) light-cured under the 
identical conditions as described for the DC measurements (Bluephase G2, distance from the 
specimen of 0 mm, and exposure times of 20 and 40 s). Cylindrical specimens were prepared in 
stainless-steel split-molds (d = 4 mm, h = 14 mm) and the soft part of the composite was removed 
using a plastic spatula immediately after light-curing. Half-length of the remaining cylinder length was 
reported as the ISO 4049 DoC. The environmental temperature during measurements was 21 ± 1 °C. 
2.5 Statistical analysis 
Normality of distribution was assessed using Shapiro-Wilk’s test, while the uniformity of variances was 
evaluated using Levene’s test. The DC data were analyzed using a mixed model ANOVA with 
“thickness” as a within-subject factor and “resin system”, “BG amount”, and “curing time” as between-
subject factors. The effect size of individual factors was assessed using partial eta-squared statistics. 
Pairwise comparisons of DC data between two curing times at fixed levels of other factors were 
performed using a t-test for independent observations. One-way ANOVA was used to analyze the 
light transmittance data for all combinations of different resin systems and BG amounts. The effect of 
the BG amount on ISO 4049 DoC was evaluated by comparing the DoC values among composites 
with different BG amounts within each resin system and curing time using one-way ANOVA. For all 
ANOVA models, multiple comparisons were performed using Tukey and Bonferroni corrections for 
independent and dependent observations, respectively. As the DC and DoC data of experimental 
composites were analyzed using a full-factorial ANOVA, the statistical analysis for the DC and DoC of 
the commercial reference material was performed separately. Statistical analysis was performed in 
SPSS (version 20, IBM, Armonk, NY, USA) using an overall α value of 0.05. 
3. Results 
3.1 Degree of conversion  
The results of the mixed model ANOVA presented in Table 2 indicate statistical significance (p 
values) and practical significance (partial η2 values) of individual factors and their combinations. All of 
the factors had high statistical significance (p<0.001) and similar magnitudes of practical significance. 
Among the binary, ternary and quaternary interactions of individual factors, the largest effect size was 
identified for the interaction of the resin system and BG amount, as indicated by the corresponding 
partial η2 of 0.966. Therefore, an additional mixed model ANOVA was performed for each resin 
system separately (Table 3). That analysis indicated that the BG amount had a more pronounced 
effect in the Bis-EMA series than in the UDMA series (partial η2 of 0.991 and 0.898, respectively), 
whereas effect sizes of other individual factors were similar for both series. The DC data presented as 
a function of the BG amount, layer thickness, and curing time (Figures 1 and 2) also indicate that 
variations in the BG amount had a higher influence on the Bis-EMA series. In general, the DC was 
considerably more diminished by increasing the BG amount in the Bis-EMA series than in the UDMA-
series. In the latter series, the post-cure DC values for BG amounts between 0–40 wt% were 
statistically similar for layer thicknesses of up to 1 mm (20 s curing time) or 2 mm (40 s curing time). In 
contrast, the post-cure DC values in the Bis-EMA series were statistically heterogeneous among 
different BG amounts for all layer thicknesses, even at the specimen surface (0 mm). At a clinically 
relevant layer thickness (up to 2 mm), doubling the curing time from 20 to 40 s resulted in a more 
pronounced improvement in the DC values in the Bis-EMA series, whereas comparatively smaller 
improvements were attained in the UDMA series.  
Figure 3 shows the DC values for the commercial reference material. The post-cure DC values were 
statistically similar among layer thicknesses of 0–2 mm, regardless of the curing time. The DC 
improvement due to the longer curing time (40 s) became more pronounced as the layer thickness 
increased. 
3.2 Light transmittance 
A representative plot of light intensity integrated across the full wavelength range (380–515 nm) is 
shown in Figure 4 to explain how “initial”, “final”, and “effective” light transmittance values were 
obtained. The plotted curves represent light intensity as a function of time for the composite specimen 
and for the empty specimen compartment. Dividing the former value by the latter at two particular time 
points (initial and final) gave the corresponding light transmittance values, whereas effective light 
transmittance was calculated as the ratio of the area below the curve of the composite specimen (red) 
and the area below the curve of the empty specimen compartment (blue). 
Figure 5 shows initial and final light transmittance values (%) for the experimental series and 
commercial reference composite. In general, initial light transmittance of experimental composites 
filled with BG was lower than that of the commercial reference, but a considerable transmittance 
increase during curing of the experimental composites led to final transmittance values, which mostly 
surpassed light transmittance of the reference material. Figure 6 shows effective light transmittance, 
which summarizes transmittance variations throughout the whole curing period. For a given BG 
amount, composites in the Bis-EMA series showed lower effective light transmittance than the 
corresponding composites in the UDMA series. In both experimental series, the partial replacement of 
reinforcing fillers by BG resulted in a reduction of light transmittance. Nevertheless, an unexpectedly 
high light transmittance was observed for BG-20 in the UDMA series. Effective light transmittance of 
all composites in the UDMA series (with or without BG) was higher compared to the effective light 
transmittance of the reference material. 
3.3 Depth of cure 
The percentage of the maximum attainable DC is plotted as a function of layer thickness in Figure 7. 
For both experimental series and curing times, the DC decline through depths became steeper as the 
BG amount increased. The DC decline was more pronounced in the Bis-EMA series than in the 
UDMA series. The DoC was determined as the layer thickness which corresponds to the intersection 
of the DC curves with the dotted line denoting 80 % of the maximum attainable DC. The DoC values 
determined in this manner are plotted as a function of the BG amount in Figure 8 a,b. The alternative 
approach based on ISO 4049 method provided different DoC values (Figure 8 c,d). Regardless of the 
differences in absolute DoC values, both approaches identified a negative relationship between the 
DoC and the BG amount for both experimental series. The UDMA series attained DoC values above 
or near 2 mm regardless of curing time or the DoC evaluation method (Figure 8 b,d), whereas the 
DoC of the Bis-EMA series dropped below 2 mm for BG amounts of 5–10 wt% (Figure 8 a,c). 
Figure 9 shows the DC decline through depths and the DoC values for the commercial reference 
material. The DoC was above 2 mm for both DoC estimation methods and both curing times. 
4. Discussion 
This study evaluated the curing potential of two series of experimental composites (Bis-EMA and 
UDMA series), complementing a previous study that investigated the curing potential of an 
experimental Bis-GMA series [13]. Within each composite series, five resin composites containing 
various amounts of BG (0–40 wt%) were prepared and their curing potentials were evaluated through 
measurements of the DC, light transmittance, and DoC. Because all of these variables differed 
significantly between the resin systems, all three null hypotheses were rejected. 
Previous studies on the Bis-GMA series have reported that unsilanized BG fillers caused a dose-
dependent inhibition of polymerization, as evidenced by diminishing the maximum attainable DC, 
curing efficiency at depth, and polymerization rate [13,14]. In the present study, an even more 
pronounced inhibitory effect of BG was identified in the Bis-EMA series. A direct comparison of the 
results from the study on the Bis-GMA series [13] with those in the present study is possible due to 
identical methodologies. In the Bis-GMA series, composites containing BG amounts of 0, 5, 10, 20, 
and 40 wt% showed maximum attainable DC values (%, at specimen surface, 24 h post-cure) of 81.2, 
79.6, 78.3, 72.1, and 62.5, respectively, while the composites in the Bis-EMA series evaluated under 
the same conditions reached maximum attainable DC values (%) of 88.3, 89.4, 68.7, 41.5, and 33.2. 
As expected, materials with low BG amounts (0–5 wt%) in the Bis-EMA series reached higher DC 
values than the corresponding materials in the Bis-GMA series due to comparatively better mobility of 
Bis-EMA [18]. However, for materials containing BG amounts of 10 wt% or more, the DC values in the 
Bis-EMA series were lower compared to the corresponding materials in the Bis-GMA series. It 
appears that the resin system of the Bis-EMA series was more sensitive to polymerization inhibition 
by BG fillers than that of the Bis-GMA series, although the Bis-EMA resin system was more mobile 
and capable of reaching higher DC when filled only with reinforcing fillers. It should be noted that the 
above discussed maximum attainable DC values were measured on specimen surfaces. At that site, it 
is unlikely that the DC was diminished due to differences in light scattering [19]. It is therefore 
plausible that a direct inhibitory effect of BG on resin polymerization exists, which is not mediated by 
changes in light transmittance [13]. 
In contrast to the Bis-EMA series, the BG amount variations in the UDMA series had practically no 
effect on the DC values at clinically relevant layer thicknesses (0–2 mm). For these layer thicknesses, 
the maximum attainable DC values in the UDMA series ranged between 74.9 and 80.5 %, which was 
comparable to the DC measured for the commercial reference material (Figure 3), as well as to the 
DC of commercial composites reported in the literature [20]. In the UDMA series, BG-0, BG-5, and 
BG-20 reached clinically acceptable DC values of at least 55 % [21], even for 4-mm layers. This 
finding indicates the potential of the aforementioned materials for being used as bulk-fill materials. In 
this context, the issue of shrinkage stress should be addressed in future studies. 
For the Bis-EMA series, initially low DC values measured for 20-s light-curing time at clinically 
relevant layer thicknesses (0–2 mm) were significantly increased by doubling the curing time. The DC 
improvement due to longer light-curing became more pronounced as the BG amount increased, 
indicating that the negative effect of BG on polymerization can be partly compensated by using higher 
radiant exposures. However, composites with the highest BG amounts (20 and 40 wt%) in the Bis-
EMA series showed clinically unacceptable DC at 2 mm regardless of the curing time. In contrast, 
using the longer curing time in the UDMA series resulted in no DC improvement at 0 mm, suggesting 
that 20 s of curing was sufficient to reach the maximum attainable DC. An improvement in DC was 
observed at deeper composite layers when the curing time was extended to 40 s. However, this 
improvement was less extensive compared to that identified in the Bis-EMA series. 
Overall, the curing potential of the UDMA series was superior to that of both the Bis-EMA series and 
the previously investigated Bis-GMA series [13], especially for composites with the highest BG 
amounts (20 and 40 wt%). The experimental composites in the UDMA series attained clinically 
acceptable DC values at 2 mm for all BG amounts investigated (0–40 wt%), whereas in the Bis-EMA 
series clinically acceptable DC values were reached only for materials containing up to 10 wt% of BG.  
The literature data on polymerization inhibition caused by BG fillers in dental resin composites is 
scarce. Besides the previously discussed studies on a Bis-GMA series [13,14], some evidence for an 
inhibitory effect of BG has been reported for the addition of zinc-modified BG in a Bis-EMA/TEGDMA 
resin system [22] and for the addition of BG 45S5 in a Bis-GMA/TEGDMA resin system [23]. A BG-
induced polymerization inhibition can be caused by the direct contact of methacrylate resin and 
oxides on unsilanized surfaces of BG fillers [24]. Such an explanation is supported by literature 
evidence on the inhibition of free-radical-mediated polymerization by electron-accepting oxides on the 
surface of filler particles, for example in epoxy [25], polyester [26], and methyl-methacrylate resins 
[27]. By the same mechanism, oxides on the surface of BG fillers could terminate the chain reaction in 
bifunctional methacrylate resins by inactivating growing macroradicals. A study using the same 
experimental composite series as the present study employed post-cure heating at 150 °C to 
distinguish whether the polymerization inhibition is caused by a direct (temperature-independent) 
effect of BG or an indirect (temperature-dependent) effect of restricted mobility of reactive species 
[28]. That study identified a limited potential of post-cure heating for improving DC, thereby providing 
evidence in favor of the direct mechanism of polymerization inhibition. In addition to the 
polymerization inhibition being dependent on the resin system, preliminary studies on fluoride-
modified BG (data not shown) suggest that the BG composition can also affect its inhibitory potential.  
In both experimental composite series, replacing the reinforcing fillers with BG reduced the total 
resin/filler interfacial surface area due to a comparatively larger particle size of BG fillers. The 
resulting reduction of composite viscosity was expected to improve the mobility of the resinous phase 
and allow the materials to reach higher DC [29]. However, this effect was not observed in either resin 
system, which can be ascribed to two main reasons. First, it is possible that an inhibitory effect of BG 
on polymerization counteracted the benefit gained from improved monomer mobility [13]. Second, 
silica nanoparticles tend to agglomerate due to their high surface area [30] and the size of 
agglomerates may have differed among composites with various BG amounts [31]. The size of silica 
agglomerates was difficult to control during the preparation of experimental composites because the 
size of secondary silica particles was affected by composition-dependent shear forces that occurred 
during mixing. There may be other possible explanations for the reduction of the interfacial surface 
area having no effect on the DC, but these were beyond the scope of the present study. 
It is generally accepted that the maximum attainable DC of resin composites is diminished by higher 
loadings of silanized fillers due to increased viscosity caused by higher interfacial surface area [29]. 
The effect of unsilanized fillers in experimental composites appears less consistent, as these can 
either enhance or diminish the maximum DC, depending on their particle size and chemical 
composition. For example, replacing the silanized glass fillers with unsilanized amorphous calcium 
phosphate improved the final DC [32], whereas unsilanized BG [13] and silver nanoparticles [33] can 
reduce the final DC. As polymerization inhibition caused by BG fillers depends on their direct contact 
with the resinous matrix, it could theoretically be reversed by coating filler particles with a surface 
layer of silane [25,26]. That modification may be beneficial beyond possible DC improvements, as it 
can enhance mechanical properties by enabling chemical bonding between filler particles and the 
matrix [34]. However, surface silanization of bioactive particles reduces ion release [35], which is the 
rationale for the common use of unsilanized particles in remineralizing composites. 
Light transmittance through 2-mm specimens of experimental composites increased during curing as 
a result of photoinitiator consumption and diminished light scattering [36,37]. The latter phenomenon 
commonly occurs in light-curable resin composites because the difference in refractive indices 
between the resinous matrix and fillers decreases as the polymerization progresses [38]. To evaluate 
the changes in light transmittance that occurred during curing, initial and final transmittance values 
were calculated from real-time light intensity curves (Figure 4). Initial light transmittance for all BG-
containing experimental composites was significantly lower than that of the commercial reference 
material (Figure 5). However, the experimental composites showed a more extensive increase in light 
transmittance during curing (1.4–5.0 %) than the commercial reference composite (0.4 %). In this 
way, experimental composites were able to compensate for the disadvantage of initially lower light 
transmittance. 
The initial and final light transmittance values provide limited information about the curing potential 
because these were obtained at two fixed time points, disregarding all the changes that occurred in 
between. To better describe curing light transmission throughout the whole curing period, effective 
light transmittance values were calculated (Figure 6). Within each experimental series, effective light 
transmittance declined with increasing BG amounts, except for BG-20 in the UDMA series, which 
showed an unexpectedly high value. The tendency of light transmittance to decline as reinforcing 
fillers are being replaced with BG can be explained in terms of light scattering. The intensity of light 
scattering in resin composites is a function of filler particle size and the difference in refractive indices 
between fillers and the resin. The refractive indices of the components of experimental composites 
were as follows: Bis-EMA: 1.54, UDMA: 1.48, TEGDMA: 1.46, silica: 1.46, barium glass: 1.53, and 
BG: 1.56. Although the exact contribution of each of the distinct filler types to light scattering and the 
resulting light attenuation could not be determined, it is notable that BG had a higher refractive index 
than the reinforcing fillers. The decline in light transmittance as a result of increasing BG amounts in 
the Bis-EMA series can be explained in terms of the refractive index mismatch between BG fillers and 
the resin system. Although refractive indices of the base resin (Bis-EMA) and BG fillers were similar, 
the mole ratio of Bis-EMA was only 44.3%, whereas the remaining 55.7 % pertains to the diluent resin 
TEGDMA. Considering mole ratios, TEGDMA was the major constituent of the resin system, 
suggesting that the mismatch of its refractive index with that of BG may have caused the decline in 
light transmittance with the increasing amount of BG. In a similar manner, the declining pattern of light 
transmittance with higher BG amounts in the UDMA series can be explained by the replacement of 
reinforcing fillers, having refractive indices closer to those of UDMA and TEGDMA, with BG fillers 
which introduced a higher refractive index mismatch. An exception to the pattern of the reduction in 
light transmittance with higher BG amounts was identified only for BG-20 in UDMA series. It is difficult 
to speculate about the cause for that unexpected high light transmittance value, but it should be noted 
that the previous study on the Bis-GMA series also showed that light transmittance was not linearly 
related with the BG amount [13]. The non-linear relationship can be attributed to complex interactions 
of different particle size distributions, as well as to the difficulties in controlling the particle size of 
experimental composites. The inability to control the size of silica agglomerates that has been 
discussed before may also influence light scattering in experimental composites. As the agglomerate 
size approached half the wavelength of the curing light, amounting to approximately 0.2 µm, the light 
scattering intensified and consequently diminished light transmittance [39]. Because barium glass and 
BG particles were two orders of magnitude larger than silica nanoparticles, these fillers were less 
prone to agglomeration. Therefore, barium glass and BG were likely to exert a more consistent effect 
on light scattering. 
The plots of the DC decline as a function of layer thickness in Figure 7 show how light transmittance 
of the experimental composite series affected their curing potential. The curves of DC decline were 
generally steeper in the Bis-EMA series compared to the UDMA series, which can be attributed to the 
comparatively lower light transmittance of the Bis-EMA series. Within each experimental series and 
curing time, the curves became steeper as the BG amount was increased, reflecting the 
corresponding decline in light transmittance (Figure 6).  
The DoC was estimated in two alternative ways: (I) as the layer thickness that corresponds to 80 % of 
the maximum attainable DC, and (II) as the half-length of the cylinder that remains after removal of 
the uncured material, according to the ISO 4049 scraping test. Because the addition of BG reduced 
light transmittance (Figure 6) and the DC at thicker layers (Figure 7), it was of particular interest to 
investigate the relationship between BG amount and DoC. 
The DoC as a function of BG amount is shown in Figure 8. The UDMA series maintained the DoC 
above 2 mm for all BG amounts, whereas the DoC values in the Bis-EMA series decreased below 
2 mm for BG amounts as low as 5–10 wt%. Additionally, all of the composites in the UDMA series 
showed higher DoC values than the corresponding composites in the Bis-EMA series. Doubling the 
curing time resulted in a modest DoC improvement in the Bis-EMA series, however, the DoC values in 
composites containing at least 10 wt% of BG remained well below 2 mm. In contrast, UDMA series 
showed a better response to the doubled curing time, as already high DoC values were further 
increased for 1.0–1.5 mm. The DoC in the UDMA series was also higher than that of the previously 
investigated Bis-GMA series [13], for which DoC dropped below 2 mm for BG amounts of 20–40 wt%. 
The favorable DoC of the UDMA series can be regarded as the result of better light transmittance 
(Figure 6) and insensitivity to polymerization inhibition by BG fillers (Figure 2). 
For the commercial reference material, the DoC values were in accordance with the manufacturer’s 
instructions for clinical use, namely 2.6–2.7 mm for 20 s curing time (Figure 9). The DoC values of the 
reference material were comparable to those in the UDMA series, both for the “80% of the maximum 
DC” and ISO 4049 method. In contrast, the DoC values in the Bis-EMA series were inferior to those of 
the reference material. 
Considering the results of the present study together with the previously published data of a Bis-GMA 
series [13], the curing potential of the experimental composite series can be ranked as follows: UDMA 
series > Bis-GMA series > Bis-EMA series. These inferences are based on the resin systems in which 
the ratios of base and diluent monomers were chosen to attain viscosities suitable for the 
incorporation of 70 wt% of fillers. Thus, no generalizations about the curing potential can be made for 
different ratios of base and diluent monomers. Because the relative amounts of base and diluent 
monomers determine the maximum attainable DC and mechanical properties [40], the fine-tuning of 
resin compositions remains a topic for future studies. 
5. Conclusions 
With regards to the degree of conversion, light transmittance, and depth of cure, the UDMA series of 
bioactive glass-modified composites demonstrated markedly better curing potential than the Bis-EMA 
series. Unlike the Bis-EMA series, the UDMA series showed no evidence of direct polymerization 
inhibition by the addition of bioactive glass 45S5 in mass fractions of 0–40 wt%. The higher light 
transmittance in the UDMA series was reflected in superior DoC values exceeding the 2-mm 
threshold for all investigated bioactive glass amounts. Due to its favorable curing potential, the UDMA 
series of experimental composites is a prospective candidate for subsequent investigations of 
bioactivity and mechanical properties. 
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Bioactive glass: SiO2 45 wt%, Na2O 24.5 wt%, CaO 24.5 wt%, P2O5 6 wt%, particle size (d50/d99 [µm]): 4.0/13.0, silanization: 
none, product name/manufacturer: G018-144/Schott, Mainz, Germany. 
Barium-fillers (Ba): SiO2 55.0 wt%, BaO 25.0 wt%, B2O3 10.0 wt%, Al2O3 10.0 wt%, particle size (d50/d99 [µm]): 1.0/4.0, 
silanization 3.2 wt%, product name/manufacturer: GM27884/Schott. 
Silica-fillers (Si): SiO2 ≥ 99.8 wt%, primary particle size: 12 nm, silanization 4-6 wt%, product name/manufacturer: Aerosil 
DT/Evonik Degussa, Germany. 
Bis-EMA: ethoxylated bisphenol A dimethacrylate, Esstech, PA, USA; TEGDMA: tri-ethylene glycol dimethacrylate, Esstech; 
UDMA: urethane dimethacrylate, Esstech; CQ: camphorquinone, Merck, Darmstadt; Germany; 4E: ethyl-4- (dimethylamino) 
benzoate, Merck. 
  
Table 2. Results of the mixed model ANOVA indicating influences of individual factors and their 
interactions on the degree of conversion of experimental composites. 
factor p partial η2 
resin system <0.001 0.972 
BG amount <0.001 0.981 
curing time <0.001 0.926 
thickness <0.001 0.969 
resin system * BG amount <0.001 0.966 
resin system * curing time <0.001 0.358 
resin system * thickness <0.001 0.708 
BG amount * curing time 0.008 0.156 
BG amount * thickness <0.001 0.657 
curing time * thickness <0.001 0.375 
resin system * BG amount * curing time <0.001 0.223 
resin system * BG amount * thickness <0.001 0.692 
resin system * curing time * thickness <0.001 0.394 
BG amount * curing time * thickness <0.001 0.381 
resin system * BG amount * curing time * thickness <0.001 0.430 
 
  
Table 3. Results of the mixed model ANOVA for the degree of conversion data, performed separately 
for each resin system. 
 Bis-EMA series UDMA series 
Factor p partial η2 p partial η2 
BG amount <0.001 0.991 <0.001 0.898 
Curing time <0.001 0.929 <0.001 0.926 
Thickness <0.001 0.968 <0.001 0.978 
BG amount * curing time 0.029 0.232 <0.001 0.467 
BG amount * thickness <0.001 0.779 <0.001 0.863 




















Figure 1. Mean values of the degree of conversion (%) as a function of BG amount, layer thickness, 
and curing time for Bis-EMA experimental series. Within each material, the leftmost bar denotes 
immediate conversion at the specimen surface (0 mm), while the subsequent bars from left to right 
denote 24 h post-cure conversion at depths of 0, 1, 2, 3, and 4 mm. Same letters above the bars 
denote statistically similar groups within a material and curing time (lowercase letters for 20 s and 
uppercase letters for 40 s). Square brackets connecting blue and red bars denote no difference 
between two curing times. Square brackets in the data table indicate statistically similar groups of 
values. Straight lines in the data table indicate statistically similar pairs of values. Standard deviations 




















Figure 2. Mean values of the degree of conversion (%) as a function of BG amount, layer thickness, 
and curing time for UDMA experimental series. Within each material, the leftmost bar denotes 
immediate conversion at the specimen surface (0 mm), while the subsequent bars from left to right 
denote 24 h post-cure conversion at depths of 0, 1, 2, 3, and 4 mm. Same letters above the bars 
denote statistically similar groups within a material and curing time (lowercase letters for 20 s and 
uppercase letters for 40 s). Square brackets connecting blue and red bars denote no difference 
between two curing times. Square brackets in the data table indicate statistically similar groups of 
values. Straight lines in the data table indicate statistically similar pairs of values. Standard deviations 




















Figure 3. Mean values of the degree of conversion (%) as a function of layer thickness and curing 
time for the commercial reference material. The leftmost bar denotes immediate conversion at the 
specimen surface (0 mm), while the subsequent bars from left to right denote 24 h post-cure 
conversion at depths of 0, 1, 2, 3, and 4 mm. Same letters above the bars denote statistically similar 
groups within a curing time (lowercase letters for 20 s and uppercase letters for 40 s). Square 
brackets connecting blue and red bars denote no difference between two curing times. Standard 












Figure 4. An example of real-time light intensity curves used to calculate “initial”, “final”, and “effective” 
values of light transmittance (material BG-20 in Bis-EMA series). Logarithmic scale is used for y-axis 
















Figure 5. Mean values of light transmittance (%) recorded at the start (initial) and at the end (final) of 
the light-curing period. Within each material, the difference between initial and final transmittance 
values was statistically significant (p<0.001). Statistically similar groups within initial and final values 












Figure 6. Mean values of effective light transmittance (%). Statistically similar groups are indicated by 





















Figure 7. Curves of the degree of conversion as a function of layer thickness for experimental 
composites. The thickness at which the degree of conversion equals 80% of the maximum value 





















Figure 8. The depth of cure as a function of the BG amount, estimated as 80% of the maximum 
degree of conversion (a, b) and according to the ISO 4049 method (c, d). The dotted lines at 2 mm 
represent the “acceptable depth of cure” threshold. For the values obtained using the ISO 4049 
method, same uppercase and lowercase letters denote statistically similar groups for curing time of 20 













Figure 9. Curves of the degree of conversion as a function of layer thickness for the commercial 
reference material. The thickness at which the degree of conversion equals 80 % of the maximum 
value (dotted lines) was considered as the depth of cure. The inset shows the depth of cure values 
evaluated as 80% of the maximum degree of conversion and according to the ISO 4049 method. 
